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Abstract 

Dynamics of droplet actuation by electro wetting on dielectric (EWOD) highly depends on the geometry of 
underneath coplanar electrode. In this study, zigzag motion of the droplet is achieved by strategically placing 
triangular electrodes array in which consistent changing of the effective contact line occurs after every switching 
over the Digital Microfluidic (DMF) platform. Dynamic characterization is done for the droplet based on the 
experimentation performed and a quasi steady state force balance approach is used to validate the 
experimentation with the theory. The relevant forces are the driving electrocapillary force and the resistive 
friction forces are hydrodynamic force, filler fluid drag force and contact line friction force respectively. A 
qualitative analysis of the transfer time of a droplet over triangular electrode is compared with the conventional 
square electrode and being evaluated separately. Power dissipation is also studied realising an equivalent RC 
circuit for the experimental setup which gives an overview of the heat loss during droplet actuation. This study 
points to the enhancement of transport rate based on underneath electrode geometry for any micro actuation 
based lab on chip applications. 


1. Introduction 

Digital microfluidics (DMF) is a technique that facilitates manipulation of small discrete 
droplet sitting on a composite hydrophobic-dielectric film. The transportation of droplet is 
governed by an applied electric potential in an array of metal electrodes located underneath of 
a dielectric film. Acting as micro-reactors, droplets are used for low volume biological, 
biochemical and lab-on-chip operations like enzyme assay 1 , immunoassay 2 , the point of care 
devices 3 , DNA based applications 4 , chemical reactor bed 5 ' 6 . Other applications include liquid 
dispensers 7 , voltage controlled fluidic switches 8 , electrostatically focused liquid lenses 9 , 
electronic paper display 10 , and many others. 

In general DMF platform is designed in two configurations: closed and open platform 
devices 11,12 . In closed DMF devices, droplets are sandwiched between two plates. The bottom 
electrode acts as the activated electrodes and the top one comprises the ground electrode. 
This type of configuration is capable to perform primarily four different microfluidic 
operations like dispensing, splitting, merging and transporting 13 . On the other hand, single 
plate open platform configuration 14 is suitable for droplet transportation and better merging & 
mixing, but lack in performing droplet splitting and dispensing 15 . 

In an open DMF platform, a sessile conductive droplet is rested over the dielectric film in 
such a manner that the foot of the droplet covers two adjacent underneath coplanar 



electrodes. Electrostatic actuation is provided by giving electric potential to one of the 
underneath electrode while keeping the other grounded. This leads to a reduction in dielectric 
layer-droplet foot interfacial energy on top of the activated electrode, due to modulation of 
dielectric charges induced by applied electric field 15 . This reduction in interfacial energy 
gives rise to a change in contact angle of the part of the droplet sitting over the electrically 
activated electrode, while the contact angle remains same in the other part of the droplet over 
the grounded electrode. Thus, this difference between the contact angle of the two parts of a 
droplet over electrically activated and non-activated underneath electrodes set forth an initial 
momentum to the droplet 16 which is represented by well known Young's-Lippmann equation. 
But, from an experimental perspective due to the presence of surface micro defects, it 
requires a minimum actuation voltage (threshold voltage) to commence droplet actuation by 
overcoming the force generated due to surface pinning 17 . This difference between the 
variations of the advancing contact angle and receding contact angle generates a capillary 
force in the direction of the activated electrode which facilitates droplet motion. 

There is no predefined geometric shape for designing the underneath coplanar electrodes used 
in digital microfluidics. But, conventionally many researchers have successfully designed 
DMF platform using square coplanar underneath electrodes for performing droplet 
actuation 18 , as DMF performance largely depends on the geometry of the underneath 
coplanar electrodes 19 ’ 20 . To achieve smooth high velocity with better performance, various 
research groups have tried out different types of driving electrodes like jagged, crescent, twin 
plate 21 ’ 22,23 notably mentioned. Among them, interdigitated jagged coplanar electrodes turned 
out to be the best in performing different lab-on-chip operations 24 . Reported articles suggest 
that jagged electrodes perform well for smooth droplet merging and splitting, while crescent 
electrodes studies report for higher droplet velocity, thus increasing the performance in 
transport frequency for the DMF device. 

In this paper, a new fabrication platform is presented to perform droplet actuation using 
electrowetting on dielectric (EWOD) by strategically placing an array of triangular coplanar 
electrodes which results in the two directional zigzag motion of the droplet which might be 
helpful in droplet mixing applications. The instantaneous velocities, acceleration, and average 
transfer frequencies are measured and the enhancement in dynamic characteristics is 
quantified. A theoretical model based on a force balance approach has been developed to take 
into account the forces present. The model is used to corroborate the experimental data and to 
examine the behavior of forces at raised voltages. 

2. Experimentation and methods 

Experimentation is carried out by actuating a sessile conductive liquid droplet over the 
fabricated triangular coplanar electrode array based DMF platform. Methods to carry out this 
experimentation include electrode array design and fabrication, development of hydrophobic- 
dielectric layer, testing setup for droplet actuation and capturing droplet motion using high¬ 
speed camera connected to data acquisition system. Details of each section are presented as 
follows: 



2.1 Electrode design 


A single array consisting of nine numbers of identical electrodes of the equilateral triangular 
geometry of side length 1.5 mm is designed to act as control electrodes for actuation of the 
microdroplet. Each electrode is aligned at 180° orientation with each other and placed at a 
uniform gap of 60pm as schematically shown in Figure 1(a). Each control electrode is 
individually connected via a thin metal line to the contact pad of dimension lxl mm 2 located 
along the periphery of the DMF device for providing external electrical connections. The 
entire design is carried out using Clewin 5 design software and then implemented on an 
optically sensitive 4-inch chrome glass plate using an in-house laser pattern generator 
(Microtech Systems Inc.) facility. Optically patterned triangular electrode array on glass plate 
will act as photomask in subsequent photolithography process to transfer the 2-D design data 
on a hardware platform. Figure 1(b) shows the reflected mode optical photography of 
microfabricated equilateral triangular control electrode array photomask and figure 1(c) 
represents the original image of the DMF platform compared with standard coin for scaling. 
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Figure 1: (a) Schematic view of the designed triangular electrode array with an individual contact pad and (b) 
reflected mode optical photograph of a portion of fabricated DMF platform showing an array of patterned 
triangular electrodes with interconnecting line and bond pads on a transparent glass substrate; (c) represents 
the original image of the DMF platform compared to scaling with coin. 

2.2 Device fabrication 

In this study, the DMF platform consists of PDMS and Teflon as a dielectric-hydrophobic 
layer along with underneath coplanar triangular electrode array. To initiate the fabrication 
process, glass slides were thoroughly cleaned in 1:1 Piranha solution. Thermal vapor 
deposition technique is used for coating thin film of aluminum of thickness 200+10 nm over 











































the cleaned glass slides. The triangular coplanar electrodes are fabricated on the aluminum 
layer by photolithography process, using a positive photoresist (SPR-504) and the already 
fabricated photomask. This is followed by wet chemical etching of exposed aluminum film 
and removal of remaining photoresist to complete the entire fabrication process. 

Due to the easy availability and chemical inertness, Sylgard 184 (PDMS; Dow Corning; 
USA) is used as the hydrophobic dielectric layer with dielectric constant (s p = 2.7) on top of 
the aluminium electrode surface. The PDMS polymer is prepared by mixing the base polymer 
with the crosslinker in the weight ratio of 10:1 and was thoroughly degassed. Subsequently, 
the PDMS mixture is poured over the fabricated coplanar electrodes and spin coated (Spin 
Coater: Laurell Technologies Corporation) following the two-step process. In the first step 
the spin speed is maintained at 600 rpm for 30 sec, and in the second step, it is maintained at 
6000 rpm for 60 sec with an acceleration of 4000 rpm/sec 2 . The connection pad region of all 
the electrodes is protected with a strip of parafilm (Pachinery Plastic packaging, USA) during 
PDMS layer spinning process in order to keep those metal bond pads regions exposed for 
subsequent electrical connections. The spin coating process is followed by careful removal of 
the parafilm strip from the connection pads. Subsequently, the sample was kept for overnight 
at 98°C in the air for completion of the polymerization process. Thickness (d p ) of the cured 
PDMS thin film layer was around 10±2 pm as measured by a surface profilometer (Dektak, 
Brukers). Cured PDMS film is further coated with an ultrathin layer of Teflon AF (3% w/w) 
prepared from amorphous fluoropolymer (Teflon AF 1600, Dupont) in FC-40 (Acros 
Organics, USA) to develop the super hydrophobic surface. Teflon(dielectric constant e,=2.2) 
solution is spin coated over the PDMS film at 3000 rpm for 30 sec to achieve a thickness ( d t ) 
100+20 nm. Teflon ultrathin layer is further cured in two steps: first at 110°C for 10 min, and 
followed by curing at 180°C for 20 min. During the Teflon coating process, the contact pad 
was again protected by a strip of parafilm as followed in the previous step. Details of step by 
step fabrication process are given in supporting information figure SI. 

2.3 Testing setup 

An electronic test setup was indigenously built for the generation of the desired actuation 
voltage and sequential activation of the electrode array to perform droplet actuation. As 
schematically shown in figure 2(a) the entire setup consists of fabricated DMF connected to 
electronic circuit board and high voltage power supply along with a high-speed camera 
interfaced with a computer for droplet image acquisition. The electronic circuit board 
consisting of Arduino Uno as a microcontroller as shown in figure 2(b), is connected to high 
voltage power supply module at one end and to DMF platform through electromagnetic 
relays on other side with suitable internal connections. Photographs of entire original setup is 
represented in figure 2(c).The fabricated DMF platform with nine coplanar triangular 
electrodes is fixed on a PCB and individual contact pads are connected to PCB using thin 
copper wire by conductive silver paste (Alfa Aesar: sheet resistance <0.025 ohm/square 
@0.001 inch thick and soldered with PCB). The microcontroller controlled programming 
relay board is connected to the triangular electrodes located at DMF platform for sequential 
activation of electrodes in an automated manner. An external electrical power source (DC 
power supply; Keithley instruments: 0-lkV) is connected to the relay board to supply 



required voltage for droplet actuation. A high-speed camera (IMPEREX: VGA 210 camera) 
connected with a macro lens (IMPEREX: IPX-VGA210-L) is placed vertically above the 
DMF platform at a distance of approximately 30 cm to capture the droplet deformation and 
movement due to voltage excitation at 120 fps and connected to the computer for further 
processing of image data as shown in figure 2 (a). DMF platform is illuminated by a light 
source placed at a suitable location near the platform for clear visualisation. 



(a) Arduino based 
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(c) Actual experimental setup 


Figure 2: Entire experimental setup for performing micro droplet actuation; (a) represents the Arduino based 
switching logic circuit, (b) represents the schematic of the entire experimental setup, and (c) actual experimental 
setup. 

2.4 Sequence of electrode actuation and observation of droplet movement 

Experiments are performed with aqueous ImM potassium chloride (KC1) solution droplet 
with optimised of volume 4±lpl prepared with Milli-Q ultrapure distilled water (Millipore 
India Pvt. Ltd.). Figure 3(a) and 3(b) represents the top schematic view and micro-photograph 
of a sequence of droplet position over DMF platform and corresponding switching logic 
conditions for sequential activation of electrodes. The droplet is manually dispensed over the 
hydrophobic surface of the DMF platform using a micropipette; in such a manner that the 
droplet footprint must partially overlap two adjacent coplanar triangular electrodes as 
schematically shown in figure 3(i). Before initiating of droplet movement, all the electrodes 
were in zero potential or grounded. Subsequently, voltage (V) is applied in between the first 
two adjacent coplanar electrodes to start droplet actuation, by activation of the relay 1 
programmed by the microcontroller, enabling electrode ‘IF at positive potential and electrode 
‘I’ at the ground as shown in figure 3(ii). It has been observed that with the gradual increase 
of V, the 4pi volume of small single droplet starts actuation above 175 V potential. 



















































Careful observation reveals that while entire droplet moves from the region of electrode I to 
activated electrode II, some part of the droplet also spill over the next adjacent grounded 
electrode III as represented in figure 3(iii). At this moment electrode III is activated to the 
desired potential via microcontroller operated relay and entire droplet starts moving towards 
electrode III. Therefore, forward transportation of liquid droplet occurs towards the actuating 
electrode as they are sequentially activated. From the three sequential photographs of droplet 
position as presented in figure 3(b), it may be observed that while droplet transports from 
grounded to activate electrodes, a portion of the droplet always moves beyond the base of the 
activated triangular electrode. Since relative orientation of consecutive two electrodes is 180°, 
forward movement of droplet occurs in the zigzag path following orientation of electric field. 
Video image of droplet motion is given in supporting information figure S2. The above 
experiment is repeated for four different actuating voltages at 200V, 250V, 300V, and 350V 
respectively. In all cases, dynamic characteristics involved during droplet actuation are 
studied by recording the actuation phenomenon using the high-speed camera and 
subsequently analyzed through open source image processing software named ‘Tracker’. 
After the video being recorded, frames are segmented and the displacement of the droplet is 
tracked from its initial position and the dynamic characteristics like displacement ( d ), 
velocity (v) and transfer frequencies (/) are evaluated. 

Switching Logic: 
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Activated electrode 


II = 2nd electrode 

III = 3rd electrode 



NC = No connection 
TV = Applied voltage 
Gnd = Ground 



Figure 3: (a) Schematic view and (b) microphotograph of experimentally observed droplet position on 
coplanar triangular aluminum electrodes at three different switching logic during the transport process; (i) 





















initial droplet position, (ii) droplet position after 1 st switching, (iii) droplet position after 2 nd switching; logic 
condition at three different switching states are also presented. 

3. Theory 

A quasi-steady state force balance approach between the droplet actuating force and the 
resistive forces are equated to evaluate the velocities at different applied voltages. The 
relevant forces are the electrocapillarity inspired driving force (F x ) and the resistive forces 
namely, the hydrodynamic shear force (F/,), and the contact line friction force (F c /) 
respectively. The moving droplet also suffers damping forces due to the surrounding medium. 
Since the filler medium is air, it is expected that the damping force is relatively weak and can 
be neglected as followed in previous studies ’ for similar conditions. It is to be noted here 
that the effect of gravity and inertial forces are neglected. This is because the Capillary 
number, Bond number, and Weber number for a droplet of volume 4±lpl (R' = 0.96 mm, 
where R' is the radius of the droplet) are found to be in the range of 1.99xl0~ 5 to 9.50xl0~ 4 ; 
0.257 and 5.26xl0~ 5 to 1.19x1 O' 3 respectively. Thus, the droplet can be considered as 
spherical in nature. Therefore, at quasi-steady state the driving force must be equal to all the 
opposing force, i.e. 


K=F„+F J+ F d ( 1 ) 

where, F e = driving electrocapillary force, Fh = hydrodynamic force, F ( / = filler fluid drag 
force, F c i = three phase contact line friction force. 

The triangular coplanar electrodes are oriented in a manner that the two adjacent electrodes 
form a parallelogram. The droplet is placed in such a way that the foot of the droplet touches 
two electrodes. When potential difference is generated between two electrodes, due to the 
change in interfacial tension, the droplet experiences a net force in a direction perpendicular 
to the shorter diagonal as shown in the schematic of figure 5. Contact line (/) is that 
imaginary line over which the electrocapillary force is acting underneath the droplet. Once 
the droplet is in contact with the activated electrode, the / is represented as, 

1 = 2- V 2rx — x 2 ^ 

where r is the droplet foot radius and x is the length of the portion of the droplet in contact 
with the activated electrode. By repeated experimental optimization, we have observed that xo 
= 0.2/, where xo is the portion of the droplet which is initially in contact with the activated 
electrode. It is observed that the maximum effective contact line is happening when x = r, i.e. 

/ ma\ = 2r. 

This phenomena repeats in each and every switching during the droplet transportation and 
gives rise to the zigzag motion of the droplet over the entire electrode array. In EWOD 
devices, droplet motion occurs as a result of capillary force which originates from the 
apparent wettability gradient between the actuated and non actuated electrode. The capillary 
line force density on the triple line (i.e. the contact line between the droplet, the substrate and 
the surrounding medium) can be represented as 17 . 


fa = Ylv (cos 0 v — cos <9 0 ) 


(3) 



From equation 3, it can be shown that capillary force acting on the droplet in the x direction 
(unit vector i) can be found from figure 4 as, 


F a = J y LV (cos 9(V ) - cos 6 0 )dln ■ i (4) 

where dl is the unit element of the droplet contour line and n is unit normal to the contour 
line. Integrating equation (4), we get 


F a = y LV (cos0(V)-cosO o )j i dln-i = ly lv (cosO(V)-cos9 0 ) 

Since the hydrophobic dielectric layer takes a finite time to get charged 16 , after the activation 
of the actuation electrode, a time-averaged transient electrical driving force is presented here. 
This is due to the electrocapillarity induced solid-liquid interfacial tension between the 
activated and ground electrode. The transient electrical driving force is averaged over the 
charging time period ( t c =2.3RC) 16 of the device, where saturation of the dielectric layer 
happens by theoretically considering an equivalent RC circuit. 
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Figure 4: Schematically representing the electrocapillary force acting on the droplet diagonally due to the 
typical triangular geometry of underneath coplanar electrodes; (a) representing for 1 st transfer and (b) for 2 nd 
transfer (the reference coordinate system changes in each transport). 
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This time-averaged electrocapillary induced driving force can be written ’ ’ ’ using 
Young’s Lippmann equation 28 as. 


F a = ly LV (cos 0 - cos 0 O ) = If [V eff ( t)fdt. 


1C. 


( 6 ) 


V ^c J f=0 


Here, 9 is the instantaneous contact angle, Oo is the initial contact angle (here measured as 
110.5 °); (r) = (1 - e { ~ tlRC) ) and V eff ° = ^(v 2 -V 2 mm ) ; C eq is the specific capacitance 


represented by C = 


7 - 2 —r- and y LV is the liquid vapour surface tension (here measured 

d P d , 

K £ p + S 'J 

as 70.01 mN.m). Here R is the series resistor along with the resistance offered by the droplet 















and C is the total capacitance offered by the droplet-dielectric interface over the DMF 
platform. Moreover, incorporation of V e jf instead of V attributes the surface hysteresis effect 

r\ r 

into the present model . This electrical triggering of the dielectric-droplet interface results in 
the spreading of the contact line at the three-phase contact line (TPCL) area. This increment 
in contact line at TPCL area increases the radius of curvature of the droplet, which is 
associated with the reduction of the liquid pressure at TPCL. Such disturbances at the TPCL 
region lead to adsorption of the liquid at the solid-liquid interface. This increment in the 
interfacial liquid concentration leads to a modification of solid-liquid interfacial surface 
tension 29 . Thus this modification of surface tension in two directional droplet actuation 
towards the activated electrode results in a zigzag manner due to the consistent changing of 
the effective contact line after every switching. 

Hydrodynamic force appears as frictional force during droplet actuation. This friction force is 
generated from the solid surface (here PDMS-Teflon) at the foot of the droplet towards the 
liquid droplet as, 


3// f ^T 2 M (7) 

F = —-- 

h Ah 

Here, p f represents the dynamic viscosity of the liquid droplet and is taken as 8.9xl0“ 4 Pa.s, 

r is the radius of the foot of the droplet, h represents the height of the droplet during its 
transportation and u is the velocity of the droplet. Considering 0 V as the change in contact 
angle at different applied voltages (see supporting document for variation of </> and its 
corresponding r and h value at different applied voltages), the radius (r) of the droplet can be 
written as, 


3V sin 3 6 V 3 

r = --—-- 

n{ 2-3 cos 6 V + cos 0 V ) 

where, V is the volume of the droplet (in this case 4pl). Corresponding h can also be 
calculated from the above information as, 


h = r 


^ 1 — COS Oy ' 


sin6( 


(9) 


v j 


The droplet will experience a drag force by the filler fluid medium as its starts actuation. 
Under this condition, the filler fluid medium (in this case air) will form a barrier between the 
droplet and the surface, and thus acting as an opposing force. The drag force can be expressed 
mathematically as 30 , 


1 2 

= ~ CdP/ u A p . 


( 10 ) 


Here, p f (here taken as 1 kg/m ) and C D are the filler fluid medium density and drag 
coefficient 27 respectively Cd can be expressed as, 



(11) 



Here, D is the diameter of the cross section of the spherical segment (droplet) having 
maximum area. A p is the droplet area projected to the direction of droplet motion. The area 

over which this drag force acts can be evaluated as. 



Dynamic wetting occurs as the droplet starts actuation from one position to another. This 
dynamic wetting can be visualised by the displacement of the three phase contact line from 
one position to other. Such instantaneous displacement or jump of the contact line leads to 
dissipation of the loss of energy at molecular level 31 , though this jump is necessary for the 
advancement of the contact line. This gives arise to another friction force F d as the contact 
line friction force 31 ’ 32 ’ 33 acting on the droplet. Molecular kinetic theory (MKT) expresses the 
relation of the contact line phenomenon and the friction force which can be represented as, 

F d = P( u (14) 

Here, C is the coefficient of contact line friction (here C is taken as 0.04 Pa.s) and P is the 
perimeter of the droplet. This force is acting through the contact line near the three phase 
contact line (TPCL) area. 

Now, at quasi-steady state, replacing all the expression of the above mentioned forces in 
equation (1), we get 


r l‘C eq Yr' ,m 2 , 3 pnr 2 u 1 2 , 

— J [V^(0] dt — —— v — C D p f u A p +27tr^u . 

\ J t= o ^ 


(15) 


Solution to equation (15), we can evaluate the expression of u as, 



C D P f A p 



4. Results and discussion 


4.1 Evaluation of dynamic characteristics during droplet transportation 

To demonstrate the dynamics of droplet transportation using EWOD technology, 
transportation characteristics of ImM KC1 solution are observed at different operating 
voltages. In each experiment voltages are applied gradually from 150 V with an increment in 
5 V steps. It has been observed that, when the applied voltage reaches to 175 V, the ImM 
ionic KC1 droplet starts responding to the voltage by showing minor deformation in its shape, 
thus starts getting distorted from its equilibrium state. This threshold voltage, at which the 
droplet responds and initiates motion, is the hysteresis induced minimum actuation voltage 
(' Vmin ) 17 ’ 27 . In the present DMF configuration, droplet starts smooth translation towards 
actuated electrode when applied voltage reaches around 200V. Video analysis of droplet 
movement confirms that in each actuation process the droplet moves in the direction towards 
the base of the activated electrode, resulting in a zigzag motion along the direction of the 
electrode array. This zigzag path is attributed for the typical triangular geometry of the 
electrodes that are aligned 180° orientation with the previous one. Displacement of droplet in 
each actuation is measured by analyzing the distance traversed by the front portion of the 
droplet after single transport to depict the entire transport phenomena. 

The advancing edge of the actuated droplet is tracked from the extracted stroboscopic images 
of the recorded video to evaluate the dynamic characteristics. While measuring the 
displacement of the droplet, the coordinate axis is aligned along the direction of the motion of 
the droplet in ‘Tracker’ for a single transport. So, as the direction of the droplet is changing in 
each transport and as a consequence the alignment of reference coordinates axis is also 
changing giving rise to its two directional motions over the entire DMF platform. Figure 4(a) 
represents the resultant displacement (d) of the droplet at different applied voltages. It is 
obvious that once the applied voltage is above the threshold voltage (V m ,-„), the droplet starts 
moving, thus commencing the transport phenomena. This moving region for the droplet is 
depicted in figure 4(a) by ‘droplet actuation period’. Once the droplet reaches its peak 
displacement for certain voltage, it gradually settles down and waits for the subsequent 
switching for the beginning of the next actuation. This droplet settling region is represented 
as the ‘droplet settling period’ in the right-hand side of figure 5(a). Since, the period of 
motion of the droplet is very short compared to that of the switching time (t s =1.5 s), (i.e. the 
time interval between the two successive transports); the entire dynamic characteristics are 
depicted for a time duration of 0.3 s for the convenience of graphical representation. Another 
important electrical time scales associated in understanding the dynamics behind a successful 
EWOD based droplet actuation in a DMF platform which is the charging time of the solid- 
liquid interface ( t c ) i.e. in this case PDMS-Teflon and aqueous KC1 34 . In this present study it 
is observed that t c « t s . Under this criterion, it is expected that in a short time the liquid 
phase boundary will acquire a net charge when voltage is applied, thus shielding the liquid 
phase from the electric field. Due to this accumulation of net charge in liquid phase, the 
electrostatic forces exerted by the generated fringe field will cause spreading near the contact 
line, resulting in droplet actuation. 



Instantaneous velocity ( u ) is evaluated by calculating point to point differentiation of the 
measured resultant displacement ( d) data points. Figure 5(b) represents the instantaneous 
velocity profile during the actuation of the droplet at different applied voltages. This is 
illustrated from the graph that the peak velocity is reached once the droplet attains maximum 
displacement at the onset of switching and its value gradually increases with applied voltage. 
Once the droplet attains the peak velocity, it gradually ceases to move and comes to rest 
based on the generated momentum at different applied voltages. Thus, the droplet gradually 
attains its ‘droplet settling velocity (v*)’ as shown in figure 4(b) during ‘droplet settling 
period’. It is observed that the peak of the velocity graphs for different applied voltages 
gradually shifted right along the time scale. It is evident from the experiment that as the 
voltage increases, the acceleration of the droplet increases and as a consequence, the peak for 
the velocity curve is attained earlier for higher voltages. 


The average transfer frequency if) is the rate at which a droplet traverses an electrode pitch 
length L'=1.56 mm with its average velocity during a single transfer 35 . This depicts the 
average transport characteristics of the droplet at different operating voltages. Thus, / can be 


represented as / = 



, as shown in figure 5(c). The red column plot represents the average 


transfer frequencies of the droplet for a single transport. It is obvious from the fact that 
transfer frequency depends on average velocity of the droplet. Thus within a dielectric 
breakdown regime, the increase of average velocity will result higher average transfer 
frequencies. As these values of / get repeated in each and every transport, this 
characterization helps us to understand the entire transport performance of the fabricated 
DMF platform. 
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Figure 5: Dynamic transport characteristics of at four different operating voltages (200V, 250V, 300V, 350V); 
(a) variation of the displacement of ImM ionic KC1 at different operating voltages after 1st transport separating 
the droplet actuation period and the droplet settling period (best fitted curves are presented); (b) variation in the 
instantaneous velocities of ImM KC1 at different operating voltages after 1 st transport (best fitted curves are 
presented); (c) depicts the average transfer frequency of the droplet during actuation at different operating 
voltages (±1-4% error is associated with each experimental value). 

The theoretical predicted values of as evaluated from equation (14) and the experimentally 
measured values of u avg are presented in figure 6. It is to be noted that using the experimental 
measured parameter values, the physics of the process is satisfactory and the trend in the 
values of u avg at different elevated applied voltage can be understood. 



Figure 6: Comparison of the predicted and experimental average velocities at different applied voltages (±1-4% 
error is associated with experimental average velocity measurement). 

4.2 Qualitative comparative analysis of triangular and square electrode: 

Now, the time taken by a droplet to traverse effective pitch length (a) for a certain application 
of V is known as droplet transfer time (/>,). It is observed that the major difference between 
the conventional square electrode and the mentioned fabricated triangular electrode is in t tr 
for a single transfer. Figure 7 represents the schematic top view comparison of the transport 
of a sessile droplet of same volume over triangular as well as square electrode for single 
transfer. The left section and right section represents the droplet sitting over triangular and 
square coplanar electrode array in a EWOD based DMF platform. The droplets are placed in 












such a way that the foot radius of the droplet is touching both the activated and the adjacent 
grounded electrode. The length (L) and inter-electrode gap ip) for both type of electrode are 
kept as same (here, L is kept as 1.5 mm and p as 60 pm respectively). Now, it is mentioned 
earlier that the droplet traverses a zigzag path over triangular electrodes and a linear path of 
the square electrode. It is evitable from figure 7 that the droplet follows the median of the 
equilateral activated electrode in case of the triangular electrode and follows the side of the 
square electrode to reach its effective pitch length. The effective pitch length traversed by the 
droplet in a single transfer over triangular activated electrode can be represented as, 


a = 


■L 


+ p and that for square electrode can be represented as, a = L+ p respectively. 


Thus, to traverse the effective pitch distance, the droplet must attend the average velocities ( 


avg 


) at respective voltages. These 


avg 


are almost same in order for the droplet over 


triangular and square coplanar electrode. Qualitatively, it can be understood from the 
discussion that the effective pitch distance covered for triangular is less than the square 
electrode. Thus, it can be conclude that t tr will be less in triangular as compared with the 
square one, i.e. the droplet completes the entire transfer much earlier in case of triangular 
electrode for certain applied potential after single transfer. The qualitative analysis of the t tr is 
given below in table 1. 
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Figure 7: Comparison of schematic representation of the distance covered by the droplet over triangular and 
square coplanar electrode array in single transfer. 

Table 1: Variation in transfer time of a droplet for actuation over triangular and square coplanar interdigited 
electrode 


Voltage (V) 

Triangular electrode (present study) ( t tr ) (s) 

Square electrode (t tr ) (s) 

200 

0.8660 

1 

250 

0.7177 

0.8287 

300 

0.4921 

0.5682 

350 

0.4374 

0.5051 


















Thus, as the t, r taken for a droplet to actuate over triangular electrode is less than that of 
square electrode, it can be stated that the rate of any actuation operation will be faster as 
compared to square electrode. 

4.3 Force analysis: 

The variation of driving force and the other acting frictional forces are shown in figure 8. It 
can be observed that the driving force is increasing with the increase value of applied voltage, 
reaching maxima at highest applied voltage, following the trend of experimental measured 
average velocity. This sudden increase in the driving force at higher applied voltages (i.e. 
300V and 350V) might occur due to the gradual accumulation of charges in the dielectric 
material during the experiments performed at lower voltages. Accumulation of charges due to 
application of voltage at TPCL region manifests the change in contact angle, which in return 
develop a pressure difference inside the droplet, which results in the actuation of the droplet. 
However, the interesting fact that being revealed by this force analysis is the dominancy of 
the contact line friction force over the other frictional forces namely hydrodynamic force and 
drag force respectively. 



Figure 8: Forces acting on the droplet at different applied voltages. 

4.4 Power dissipation: 

The opposing frictional forces acting on the droplet during its motion results power loss. The 
resistance offered by the droplet due to applied voltage is responsible for the production of 
heat. The dissipation of heat due to the frictional losses is inevitable but heat generated within 
the droplet could be extracted to perform some useful work. The average power loss due to 
frictional forces can be evaluated by, 

P,r= {F,„+F d )^ S < 1?) 

The equivalent circuit of the EWOD system is shown in figure 9(a) where R and C eq are the 
resistance of the droplet and equivalent capacitance of the dielectric hydrophobic layer. As 
mentioned earlier, initially the droplet is placed such that it touches both the actuated as well 
as the grounded electrode. We have defined a time interval from t =0 to t = t m (where t m 









corresponds to the time at which the velocity of the droplet becomes maximum) from the 
experimental velocity data over which the driving force is active during the transport 
phenomena. For t>t m , there is no driving force on the droplet. 

The motion of the droplet can be divided in two phases; first phase corresponds to t<t m while 
the second corresponds to t>t m . During the first phase of the droplet motion, as we can see 
from figure 9(a), switch is closed. The capacitor gets charged and stores some energy while 
some amount of heat loss occurs across the resistor (i.e. droplet). The average power loss 
across the resistor could be given as, 


I t-tm 

P R = * 1 K Pp 2 -e- 2tlRC dt-f 

” t =0 


(18) 


During the second phase of the droplet motion, switch is open. Since no current flows 
through the circuit during this, there is no heat loss across the resistor i.e. no heat generation 
within the droplet. Figure 9(b) represents the total power dissipation across the realised 
resistor for the formed R-C circuit in the EWOD based DMF platform. It has been intuitively 
observed that as the driving voltage increases (towards 350V), the heat dissipation across the 
resistor also increases which results in a higher power dissipation across the R-C circuit in the 
DMF platform. This characterization will help in understanding the limitation of this 
fabricated DMF platform in performing any micro chemical reactions over such platform. 



(b) 



Figure 9: (a) Represents the equivalent circuit diagram for the EWOD system, where R, C eq , V, S and Gnd 
represents the resistance of the droplet, equivalent capacitance formed from C/ and C 2 , V is the applied 
voltage, S is the switch of the circuit and Gnd represents the grounding of the circuit; (b) represents the total 
power dissipation across the realised resistor for the formed R-C circuit in EWOD system (±1-4% error is 
associated with experimental value). 


5. Conclusion 

Reduction in the transfer time of a droplet actuation over triangular coplanar electrodes than 
those of conventional square electrodes are observed and accurately measured. The transfer 
time of a droplet over triangular electrode and square electrode is observed to be 0.866 s and 
1 s at 200V to 0.437 s and 0.5051 s at 350V respectively. This new type of fabricated 
triangular electrode give rise to zigzag motion of the droplet due to consistent changing of the 


















contact line, rather than linear motion as observed for square electrodes. A force balance 
approach based on the driving and resistive forces have been developed and the resulting 
equations are used to support the experimental results. The dominancy of the contact line 
friction force over the other frictional forces is also well understood. Finally, power 
dissipation is also evaluated at different applied voltages considering the droplet dielectric 
interface as an equivalent RC circuit. These results may help in developing much faster rate 
micro-actuator for any lab on chip applications. 
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